Communicated by Peter C. Nowell, May 13, 1983 ABSTRACT The expression of specific cellular genes in MI. 19 rat hepatoma cells involves glucocorticoid regulation by mechanisms that are not well understood. To approach this problem we cloned cDNA prepared from dexamethasone-induced poly(A)-RNA and used a comparative colony hybridization method to identify -recombinant clones containing hormone-regulated sequences. Two such cDNA clones, p1394 and p255, hybridize to a homogeneous RNA species of 900 nucleotides that is present in high abundance in 24-hr-induced cells but is undetectable in uninduced cells. This RNA can be seen as early as 1 hr after dexamethasone stimulation. Inhibition of protein synthesis with cycloheximide significantly reduces the accumulation of the RNA but does not abolish the induction response. In normal adult rat liver the RNA is abundant, and this RNA is induced bydexamethasone in adrenalectomized rats. Plasmids p1394 and p255 contain sequences that are homologous to the mRNA coding for the acute-phase reactant protein al-acid glycoprotein. Two other cDNA clones, p655 and p333, hybridize to.a more heterogeneous RNA species 200-400 nucleotides in size with a lower induction response to dexamethasone. Southern blot analysis of Ml. 19 genomic DNA indicates that p1394 e and p255 are complementary to a single DNA fragment, whereas p655 and p333 are complementary to repetitive sequences in the Ml. 19 genome. It appears that the genetic domain of glucocorticoid control in Ml. 19 rat hepatoma cells involves low copy number genes such as a,-acid glycoprotein as well as repetitive sequence elements.
Glucocorticoids are a major class of steroid hormones produced by the adrenal cortex and are important physiological regulators of gene expression. In rat liver, for example, the enzymes tyrosine aminotransferase (1), glutamine synthetase (2) , and tryptophan oxygenase (3) are specifically regulated by glucocorticoids, as demonstrated by increased specific activity and enhanced levels of translatable mRNA coding for an immunoprecipitable protein (1, 3, 4) . Other liver proteins, without known enzymatic function, have also been shown to be regulated by glucocorticoids. Baumann and Held (5) have identified by two-dimensional gel electrophoresis two secreted glycoproteins whose appearance is strongly regulated by glucocorticoids. Male rat liver cells are known to secrete a2,,-globulin, a serum protein that is hormonally controlled by glucocorticoids as well as by androgens, thyroid hormone, growth hormone, and estrogens (6, 7) . At least two detailed studies have been carried out to determine the number of genes regulated by glucocorticoid hormones in rat hepatoma cell lines. By analysis of cellular proteins using a two-dimensional gel system, Ivarie and O'Farrell (8) and Phelps and Litwack (9) estimated that 0.5-1.0% of the cell's diverse protein products are regulated by glucocorticoids.
The mechanism by which steroids regulate cellular gene expression is not well understood. Upon entering target cells, all steroid hormones bind to soluble cytoplasmic receptor proteins, forming complexes that translocate to the cell nucleus (4) . It is likely that one of the principal effects of steroids in the nucleus is an alteration in the transcriptional rates of specific genes. Although numerous studies have been undertaken to characterize the in vivo binding of steroid hormone-receptor complexes to chromatin (10) (11) (12) (13) (14) and other nuclear components (15, 16) , the crucial nuclear acceptor molecules for the steroidreceptor complex have not yet been identified.
The HTC rat hepatoma cell line has provided a useful system for studying glucocorticoid regulation. Ringold et al. (17) infected HTC-cells with mouse mammary tumor virus and subsequently isolated clonal variants containing integrated proviral sequences within the cellular genome. mRNA transcription from the proviral genes is glucocorticoid induced in many of the HTC clones, thus permitting an examination of hormone-receptor interactions with these viral genes. We wished to examine the hormone regulation of cellular genes in HTC cells, and therefore we used recombinant DNA techniques to isolate several cDNA clones of hormonally induced mRNAs. Here we report the characterization of four of these cDNA clones. Two clones appear to be derived from mRNA for the acute-phase reactant al-acid glycoprotein (a1-AGP), and two others are complementary to repetitive sequences in the rat genome.
MATERIALS AND METHODS
Maintenance of Cells and Hormonal Induction. Ml. 19 cells, obtained from K. Yamamoto, were maintained in Dulbecco's minimal essential medium with the addition of 10% horse serum (GIBCO), insulin at 10 ,Ag/ml, 0.2 mM glutamine, penicillin at 100 units/ml, and streptomycin at 0.1 ,Ag/ml. Prior to hormonal stimulation, cells were grown for 3 days in the same medium containing 5% horse serum that had been treated with charcoal/dextran to reduce endogenous serum steroids. Cells were induced with 1.0 ,AM dexamethasone (Sigma) from a stock solution stored at -20'C in 95% (vol/vol) ethanol. Adrenalectomized Sprague-Dawley male rats (Taconic Farms, Germantown, NY) were induced for 6 hr with 2.0 mg of dexamethasone in dimethyl sulfoxide by intraperitoneal injection.
RNA and DNA Isolation. Total cytoplasmic RNA from Ml. 19 cells was extracted essentially as described by Scott and Frankel (11) . The poly(A)-containing fraction was prepared by binding total RNA to oligo(dT)-cellulose (P-L Biochemicals) in 0.5 M Abbreviations: a1-AGP, a,-acid glycoprotein; kb, kilobase(s). NaCl/10 mM Tris HCl, pH 7.4, and eluting with a no-salt Tris buffer (18) . The yield of poly(A)-RNA was 1-2% of total RNA. Rat liver RNA was prepared according to Chirgwin et aL (19) with minor modifications.
Genomic DNA was prepared by treating.detergent-lysed nuclei with RNase and proteinase K for 2 hr each at 370C followed by three extractions with phenol/chloroform and one extraction with diethyl ether.
Preparation of Chimeric Plasmids. Double-stranded-cDNA was prepared according to Ordahl et aL (20) as modified from Wickens et aL (21) . The final product was 400-2,000 base pairs in size, with an average of about 800 base pairs. Double-stranded cDNA synthesized from induced poly(A)-RNA was digested with Sau3AI (New England BioLabs) and ligated into the BamHI site of plasmid pBR322. Chimeric plasmids were used to transform Escherichia coli strain LE392 in 70 mM MnCl2/30 mM CaCl2/40 mM sodium acetate, pH 5.6, with transformation efficiencies of 5 x 106 colonies per ug of uncut plasmid.
Colony Hybridizations. Thirteen hundred ampicillin-resistant and tetracycline-sensitive colonies were streaked on duplicate Millipore type HA 0.45 gim-pore-diameter gridded filters and prepared for colony hybridization as described by Grunstein and Wallis (22) . Duplicate sets of filters were hybridized with nick-translated double-stranded cDNA synthesized with dexamethasone-induced and uninduced poly(A)-RNA as templates.
DNA and RNA Analyses. RNA samples were denatured at. 60'C with 50% (vol/vol) formamide and 2.2 M formaldehyde and electrophoresed on 1% agarose gels containing 2.2 M formaldehyde (23) . The RNA was transferred to nitrocellulose as described by Thomas (24) . Ml. 19 genomic DNA was digested with restriction endonucleases, fractionated according to size by electrophoresis through 1% agarose gels, and blotted as described by Southern (25) . Plasmid DNA was prepared in 1-to 2-,Ag amounts as described (26) or in larger quantities by using cesium chloride density gradients and was nick-translated as detailed by Maniatis et al. (27) . The Pst I cDNA insert from plasmid pAGP663, characterized by Ricca and Taylor (28) , was labeled by nick-translation. Buffers and conditions for prehybridization and hybridization were those described by Wahl et al. (29) . All hybridizations were carried out with 2-6 X 107 cpm of 32P-labeled DNA.
RESULTS
Identification of Glucocorticoid-Regulated Cellular Sequences by Colony Hybridization and RNA Gel Blots. A cDNA library of hormone-induced Ml. 19 poly(A)-RNA was constructed by ligating Sau3AI-digested cDNA into the BamHI site of pBR322. Duplicate sets of filters with transformed colonies were hybridized with [32P]cDNA synthesized from induced or uninduced RNA. Of the 1,300 colonies that were screened, 39 (3%) had significant signal differences.
Colonies 1394 and 255 gave strong induction signals after comparative colony hybridization, and we therefore elected to study these cloned cDNA sequences in more detail. The plasmids from these colonies have cDNA insert sizes of 250 base pairs for p1394 and 180 base pairs for p255. Gel electrophoresis was used to determine the size and heterogeneity of RNA species complementary to p1394 and p255. RNA was denatured with formaldehyde and formamide, electrophoresed, and blotted to nitrocellulose. tually no hybridization to the 900 nucleotide species is detected in uninduced M 1. 19 RNA. Use of p255 as a hybridization probe gave results identical to those with p1394 (data not shown).
In order to determine if a similar inducible RNA sequence is present in normal adult rat liver, adrenalectomized rats were induced for 6 hr with dexamethasone and liver RNA was analyzed by gel electrophoresis and blot hybridization with p1394. Fig. lB shows that a single RNA species of about 900 nucleotides is induced 5-to 10-fold by dexamethasone stimulation. This RNA sequence is not present or inducible in rat heart or kidney tissue (Fig. 1C) .
Because p1394 and p255 are complementary to a glucocorticoid-induced RNA sequence of 900 nucleotides, we considered the possibility that one or both cloned cDNAs correspond to a previously characterized liver protein. Indeed, as shown in Fig. 2 , the purified Pst I insert of pAGP663 containing full-length a1-AGP cDNA (28) Glucocorticoid Induction of a1-AGP mRNA Is Sensitive to Cycloheximide. In order to examine the role of protein synthesis in the glucocorticoid induction of a1-AGP mRNA, Ml. 19 cells were treated with cycloheximide, a potent inhibitor of protein synthesis. One hour prior to hormonal stimulation, cycloheximide was added to the medium at a final concentration of 20 ,pg/ml. Cells were induced for 12 hr in the presence of cycloheximide and total cellular RNA was extracted after the induction period. In order to assay the effect of cycloheximide on protein synthesis, 3H-labeled amino acids were added to a similar culture at the time of induction. After 12 hr, less than 1% of the tritium in the 10% trichloroacetic acid-precipitable fraction of cytosol was present in cycloheximide-treated cells, -28S -18S as compared to untreated cells. Fig. 4 shows the effect of cycloheximide on the induced level of a1-AGP mRNA. The blot demonstrates that cycloheximide significantly reduces the accumulation of a1-AGP mRNA during 12 hr of hormone treatment. However, the induction is not abolished even when protein synthesis is inhibited by 99%. The same RNA samples showed no reduction of actin mRNA or inhibition of mouse mammary tumor virus mRNA induction when analyzed by blot hybridization (data not shown). Uninduced cells treated with cycloheximide alone produced no detectable levels of a1-AGP mRNA. Additional bands are sometimes detected in total cellular RNA with p1394 probe but not in poly(A)-containing fractions, and they may represent hybridization of ribosomal RNA with small amounts of contaminating E. coli DNA in the probe preparation.
Southern Blot Analysis of Ml.19 Genomic DNA with Cloned Probes of Glucocorticoid-Regulated cDNA. Plasmids p1394 and p255 were hybridized to Southern blots of M 1. 19 genomic DNA digested with three restriction endonucleases (Fig. 5) . It was found that both plasmids hybridize to a single 3.5-kb HindIII fragment and a single 10-kb EcoRI fragment. However, p1394 hybridizes to a 3.0-kb BamHI fragment, whereas p255 hybridizes to a 4.5-kb BamHI piece of genomic DNA. Analogous results were obtained when equal amounts of labeled p1394 and p255 were hybridized together with the same genomic DNA blot. Rat liver genomic DNA has a very similar restriction pattern when digested with the same three enzymes (data not shown). These results indicate that p1394 and p255 are complementary to different sequences within the same glucocorticoid-regulated gene. This gene is likely to code for a1-AGP mRNA.
The same endonuclease-digested Ml. 19 genomic DNA samples were hybridized with plasmid p655 (Fig. 6 ). Whereas the autoradiograph in Fig. 5 demonstrated discrete bands after several days-of exposure, the autoradiograph in Fig. 6 yielded a smeared pattern after only 2 hr. A pattern identical to that in Fig. 6 was obtained when p333 was used as a hybridization probe. These results suggest that p655 and p333 hybridize to repetitive sequences that are transcribed and inducible by dexametha- (lanes b and c) (8, 9, 30) .
Clones containing p1394 and p255 gave strong induction signals and are derived from a poly(A)-RNA that is dramatically induced by glucocorticoids in rat hepatoma cells. Our results indicate that they are homologous to the mRNA that codes for the acute-phase reactant protein a1-AGP, a glycoprotein of about 40,000 daltons that is synthesized and secreted into plasma by the liver. In normal animals, al-AGP has a low plasma concentration, but, in response to various inflammatory agents such as turpentine or bacterial endotoxin, the plasma level of a1-AGP increases rapidly (31, 32) . It has been postulated that a1-AGP regulates immune responses because of its strong amino acid homology with immunoglobulins, its presence on the surface of lymphocytes, and its immunosuppressive properties (33) (34) (35) . The dramatic induction of a1-AGP protein and mRNA by glucocorticoids, examined independently by Baumann et aL (36) and in this report, could partly explain the long-recognized antiinflammatory and immunosuppressive properties of exogenously administered glucocorticoids in vivo.
As early as 1 hr after hormonal stimulation, When a rat genomic library prepared by incomplete EcoRI digestion (37) was screened with 3 P-labeled p1394 and p255, we were able to identify a A phage clone that contained an 8-kb insert that hybridized to p1394, p255, and full-length a1-AGP cDNA (unpublished results). This clone should prove to be useful in examining glucocorticoid control of a1-AGP gene expression.
In addition to p1394 and p255, the camparative colony hybridization procedure yielded two very different glucocorticoid-regulated cDNA clones. These recombinant plasmids, p655 and p333, hybridize to small, induced poly(A)-RNA sequences that contain highly repetitive genomic sequences. Preliminary sequence data indicate that p333 and p655 contain similar but not identical sequences and that they each contain sequences with 80% homology to the rat Alu-like family of repetitive sequences (unpublished results).
We have used a comparative colony hybridization analysis of a cDNA library to try to define the genetic domain of glucocorticoid control in rat hepatoma cells. Our results indicate that this domain includes both low copy number genes such as a,-AGP and repetitive sequence elements. These cloned cDNAs can be used to identify regulatory sites for glucocorticoid action within the coding or flanking regions of these genes.
